rHE COMMISSIONER OF PATENTS AND TRADEMARKS 

ashington,DC 20231 


^ A^^y Docket: 1449P 
£ = PATENT 


Transmitted herewifli for filing is the Patent Application of 
iventor(s): Simon X.F. Cao 
For: 



XJ 


REFLECTION-TYPE OPTICAL CIRCULATOR UTILIZING A LENS AND BIREFRINGENT 
PLATES 


Enclosed with the Patent Application are: 

X Nine (9) sheets of Informal Drawings 

X Declaration and Power of Attorney 

X Assignment and Recordation Form 

X Small Entity Status Declaration 

X Information Disclosure Statement and references 

X Self Addressed, Stamped Postcard 

The fihng fee has been calculated as shown below: 


Q (Col. 1) (Col. 2) 


SMALL ENTITY 


5 FOR: NO. FILED 

NO. EXTRA 

RATE 

FEE 

S BASIC FEE 



$ 380.00 

N> TOTAL CLAIMS 

yi 37-20 

17 

X 9 

$ 153.00 

^ 3 INDEP. CLAIMS 

5,3 9-3 

6 

x39 

$ 234.00 

i y _ MULTIPLE DEPENDENT CLAIM PRESENTED 

+250 

$ 

*if the difference in Col. 1 is less than 

"0", enter "0" in Col. 2 

TOTAL 

$767.00 


JL Please find enclosed Check No. 11628 in the amount of $ 767.00 for payment of application filing fees. 
A duplicate of this sheet is attached. 


SAWYER & ASSOCIATES 
P.O. 51418 

Palo Alto, California 94303 
(650) 493-4540 


RespectfiiUy submitted, 




rsawyer, 
Attorney for Applicants 
Reg. No. 30,801 


EXPRESS MAIL CERTIFICATE 

I hereby certify that the above paper/fee is being deposited with the U.S. Postal Service "Express Mail Post Office to Addressee" service 
under 37 CFR 1.10 on September 23, 1999, and is addressed to the Commissioner of Patents and T^demarks Washmgton, D.C. 2023L Express 
Mail" no : EL272672871US Signature of Person mailing paper/fee: ( \ ^^yi/l ; 

IfU J(} 

Eph A.Biwyer, Jr. 



:si. 

/ 


IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 


Attorney Docket: 1449P 
Page 1 of 2 


In re Application of: 
Cao 

Serial No,: 
Filed: Herewith 

For: REFLECTION-TYPE OPTICAL CIRCULATOR UTILIZING 
A LENS AND BIREFRINGENT PLATES 


DECLARATION CLAIMING SMALL ENTITY 
STATUS UNDER 37 CFR 1.9(f) and 1.27(c) 
SMALL BUSINESS CONCERN 


I hereby declare that I am 

[ ] the owner ofthe small business concern identified below: 
[X] an official of the small business concem empowered to act on behalf of the concern 
identified below: 

NAME OF CONCERN AVANEX CORPORATION 

ADDRESS OF CONCERN 42501 Albrae Street 

Fremont. California 94583 


I hereby declare that the above identified small business concem quahfies as a small business concem as 
defined in 13 CFR 12L3-18, and reproduced in 37 CFR 1.9(d), for purposes of paying reduced fees 
under section 41(a) and (b) of Title 35, United States Code, in that the number of employees of the 
concem, including those of its affiliates, does not exceed 500 persons. For purposes of this statement, (1) 
the number of employees of the business concem is the average over the previous fiscal year of the 
concem of the persons employed on a full-time, part-time or temporary basis during each of the pay 
periods ofthe fiscal years, and (2) concerns are affihates of each other when either, directly or indirectly, 
one concem controls or has the power to control the other, or a third party or parties controls or has the 
power to control both. 

I hereby declare that rights under contract or law have been conveyed to md remain with the small business 
concem identified above with regard to the invention entitled REFLECTION-TYPE OPTICAL 
CIRCULATOR UTILIZING A LENS AND BIREFRINGENT PLATES by inventor(s) Simon X.F. Can , 
described in the apphcation filed herewith. 


Attorney Docket: 1449P 
Page 2 of 2 


The rights held by the above identified small business concern are not exclusive, each individual, concern 
or organization having rights to the invention is Usted below**" and no rights to the invention are held by 
any person, other than the inventor, who could not quaUfy as a small business concern under 37 CFR 
1.9(d) or by any concern which would not quaUfy as a small business concern under 37 CFR 1.9(d) or a 
nonprofit organization under 37 CFR 1.9(e). 

*NOTE: Separate verified statements are required from each named person, concem or organization 
having rights to the invention averring to their status as small entities, (37 CFR 1 .27) 

I acknowledge the duty to file, in this apphcation or patent, notification of any change in status resulting 
in loss of entitlement to small entity status prior to paying, or at the time of paying, the earhest of the 
issue fee or any maintenance fee due after the date on which status as a small entity is no longer 
appropriate. (37 CFR 1. 28(b)) 
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REFLECTION-TYPE OPTICAL CIRCULATOR UTILIZING 
A LENS AND BIREFRINGENT PLATES 


FIELD OF THE INVENTION 

The present invention relates to optical systems, and more particularly to circulators 
in optical systems. 

BACKGROUND OF THE INVENTION 

The conventional optical circulator is a non-reciprocal multi-port routing and 
isolation component used in optical communications systems. Figure 1 illustrates the 
operation of a generalized conventional four-port optical circulator 100. Light that enters the 
circulator 100 at port A 102 exits the optical circulator 100 at port B 104. However, light 
that enters the conventional optical circulator 200 at port B 104 does not travel to port A 102 
but instead exits at port C 106. Similarly, light entering the port C 106 exits only at port D 
108, and light entering port D 108 exits only at port A 102. In general, given a set ofn 
equivalent optical input/output ports comprising a certain logical sequence within an optical 
circulator, light inputted to any port is outputted from the logical next port in the sequence 
and is prevented from being output from any other port. Since a light signal will travel only 
one way through any two consecutive ports of the optical circulator 100, such ports, in 
effect, comprise an optical isolator. By installing a reflector at one port of a generalized n- 
port optical circulator (where n>4) such that Ught outputted from the port is reflected back 
into the same port, the circulator may then be utilized as an (w-l)-port circulator. 
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Furthermore, by blocking or failing to utilize one port of a generalized /z-port optical 
circulator (where n > A), the device may be used as an (n-l)-port quasi-circulator. 

The main application of optical circulators is in bi-directional optical fiber 
communications whereby two signals at the same wavelength may simultaneously propagate 
in opposite directions through a single fiber. In this way, optical circulators permit a 
doubling of the bit carrying capacity of an existing unidirectional fiber optic communication 
link since optical circulators can permit full duplex communication on a single fiber optic 
link. 

Figure 2 shows the basic components of a conventional optical circulator. The 
optical circulator comprises two polarization beam splitters 202 and 204, two 45-degree 
Faraday rotators 206 and 208, two half- wave plates 210 and 212, two mirrors 214 and 216, 
and four fiber optic input and output ports 218, 220, 222, and 224. The two Faraday rotators 
206 and 208 rotate the polarization plane of linearly polarized light 45 degrees in one 
direction (for instance clockwise) as viewed firom a fixed reference point (for instance, the 
left side of Fig. 2), regardless of the direction of light input. The two half wave plates 210 
and 212 also rotate polarized hght 45 degrees, but the direction of rotation is constant (for 
instance clockwise) as viewed from the side at which hght enters the plate. Signal hght 
input comprising unpolarized light may be input from any one of the four ports 21 8-224 into 
either one of the two polarization beam splitters 202 or 204, which separate the light into 
two linearly polarized sub-signals, one /^-polarized and the other ^-polarized. These sub- 
signals propagate through the other optical elements. By inspection, it may be verified that 
hght input at Port A 218 is transmitted to Port B 220, light input fi-om Port B 220 is 
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transmitted to Port C 222, light input from Port C 222 is transmitted to Port D 224, and light 
input from Port D 224 is transmitted to Port A 21 8. Thus, the circulator 200 is a 4-port 
optical circulator. 

Other conventional circulator designs employ nximerous stacked optical elements, 
5 such as waveplates, Faraday rotators and polarization beam splitters and optical input/output 

ports optically coupled to the stacked optics and disposed not all to one side of the 
apparatus. Such conventional arrangements are bulky and complex and cause difficulties for 
optical aligimient. 

Accordingly, there exists a need for an improved optical circulator. The improved 
1 0 optical circulator should minimize the number of required optical elements and should be 

easier to align than conventional optical circulators. The present invention addresses such a 
need. 


SUMMARY OF THE INVENTION 

1 5 The present invention provides a reflection-type improved optical circulator. The 

reflection-type optical circulator includes at least one birefringent plate for receiving at least 
one signal light ray from a first port; and a mirror optically coupled to the at least one 
birefringent plate, where the mirror and the at least one birefiingent plate causes the at least 
one signal fight ray to be folded back upon itself, where the at least one signal fight ray is 

20 directed to a second port. The optical circulator in accordance with the present invention is a 

reflection-type optical circulator, in which the paths of throughgoing fight rays are folded 
back upon themselves. This minimizes the number of required optical elements and the 
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resultant device size by using each optical element two times for each light ray. 
Furthermore, the reflection-type optical circulator in accordance with the present invention 
can faciUtate the alignment of the optical ports to the remaining optical elements because all 
ports can be disposed within a tightly constrained geometrical arrangement at only one side 
of the device. 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a general functional routing diagram for a conventional optical circulator. 

Figure 2 is a diagram of components of a conventional optical circulator. 

Figure 3 is a side view of a first preferred embodiment of a circulator in accordance 
with the present invention. 

Figure 4 is a top view of the first preferred embodiment of the circulator in 
accordance with the present invention. 

Figure 5 is an end view of the port configuration of the input and output ports of the 
first preferred embodiment of the circulator in accordance with the present invention. 

Figure 6 is a sequence of cross sections through the first preferred embodiment of the 
circulator in accordance with the present invention. 

Figure 7a is a side view of a second preferred embodiment of a circulator in 
accordance with the present invention. 

Figure 7b is a top view of the second preferred embodiment of the circulator in 
accordance with the present invention. 

Figure 8 is a sequence of cross sections through the second preferred embodiment of 
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the circulator in accordance with the present invention. 


DETAILED DESCRIPTION 

The present invention provides an improved optical circulator. The following 
description is presented to enable one of ordinary skill in the art to make and use the 
invention and is provided in the context of a patent apphcation and its requirements. 
Various modifications to the preferred embodiment will be readily apparent to those skilled 
in the art and the generic principles herein may be applied to other embodiments. Thus, the 
present invention is not intended to be limited to the embodiment shown but is to be 
accorded the widest scope consistent with the principles and features described herein. 

The present invention provides a reflection-type optical circulator in which the paths 
of throughgoing light rays are folded back upon themselves. This minimizes the number of 
required optical elements and the resultant device size by using each optical element two 
times for each light ray. Furthermore, the reflection-type optical circulator in accordance 
with the present invention can facilitate the aUgnment of the optical ports to the remaining 
optical elements because all ports can be disposed within a tightly constrained geometrical 
arrangement at only one side of the device. To more particularly describe the features of the 
present invention, please refer to Figures 3 through 8 in conjunction with the discussion 
below. 

Figures 3 and 4 respectively show a side view and a top view of a first preferred 
embodiment of a circulator in accordance with the present invention. The first preferred 
embodiment of the circulator 300 comprises a ferrule 315 and four optical ports 301, 302, 
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303, and 304 contained within or secured by ferrule 315. Preferably, such optical ports 
comprise optical fibers although they may comprise any type or combination of types of 
optical inputting and outputting device, such as windows. Figure 5 shows an end view of 
the configuration of the four ports— Port A 301, Port B 302, Port C 303 and Port D 304— as 
viewed from the left side of the device of Fig. 3. As also shown in Figs. 3 and 4, four 
collimator lenses 305, 306, 307 and 308, are disposed at the end of ferrule 315 such that 
each collimator receives light from and directs light to exactly one of the ports 301, 302, 303 
and 304, respectively. CoUimated light rays emanating from any of these four ports are 
parallel to one another and define the direction of the main axis of circulator 300. 

Returning to Fig. 3, disposed adjacent to the end of ferrule 3 15 is a first birefringent 
walk-off plate 309 which has the property of separating any signal light ray emanating from 
any of the ports 301, 302, 303 or 304 into two physically separated linearly polarized sub- 
signal rays — one innermost and one outermost sub-signal ray. This separation of signals 
into sub-signals is accomphshed by offset of the path of one — ^the e-ray — of each pair of 
sub-signals in a first direction perpendicular to the circulator main axis. Because four ports 
' exist, eight separate sub-signals are so defined and are comprised of four outermost and four 
innermost sub-signals. The outermost and innermost sub-signals from both Port A 301 and 
Port B 302 comprise e-rays and o-rays, respectively, in their traverse through birefringent 
plate 309. Conversely, the outermost and innermost sub-signals from both Port C 303 and 
Port D 304 comprise o-rays and e-rays, respectively, in their traverse through birefringent 
plate 309. 

Disposed adjacent to the first birefringent plate 309 and on the side of plate 309 
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opposite to ferrule 315 are both a first 310 and a second 311 optical rotator, respectively. 
These two optical rotators, 310 and 311, have the property of rotating the orientation of the 
plane of polarized light passing therethrough by 90^* around or about the hght propagation 
direction. In the preferred embodiment, both optical rotators 310 and 311 comprise half 
wave plates, although either or both may comprise some other type of optically active 
element such as a liquid crystal. Optical rotator 310 is disposed so as to intercept only the 
two outermost sub-signals arising from or destined for Port A 301 and Port B 302. 
Likewise, optical rotator 31 1 is disposed so as to intercept only the two outermost sub- 
signals arising from or destined for Port C 303 and Port D 304. 

A second birefringent walk-off plate 312 is disposed adjacent to the two reciprocal 
optical rotators 310 and 3 1 1 on the side opposite to the first birefringent plate 309. The 
thickness and optical orientation of birefringent plate 312 are chosen so as to provide an 
offset in the direction of one of the rays propagating therethrough by a distance equivalent to 
the common center-to-center inter-port separation distance. 

As shown in Fig. 4, a pair of 45*^ optical polarization rotation elements — a reciprocal 
optical rotator 316 and a non-reciprocal optical rotator 317 — are disposed to the side of the 
second birefringent walk-off plate 312 opposite to the 90^ optical rotators 310 and 311. The 
reciprocal optical rotator 316 is disposed so as to intercept all and only those sub-signal light 
rays either emanating from or destined for Port A 301 and Port C 303. The polarization 
plane direction of linearly polarized light of sub-signals propagating through reciprocal 
optical rotator 3 1 6 is reversibly rotated by 45** in the clockwise (C W) direction. The non- 
reciprocal optical rotator 317 is disposed so as to intercept all and only those sub-signal light 
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. rays either emanating from or destined for Port B 302 and Port D 304. The polarization 
plane direction of linearly polarized light of sub-signals propagating through non-reciprocal 
optical rotator 317 is non-reversibly rotated by 45^ in the coimter-clockwise (CCW) 
direction, A lens or lens assembly 313 is disposed to the side of rotation elements 316 and 
5 317 opposite to the second birefringent walk-off plate 312. Finally, a mirror 3 14 is disposed 

at the focal point of lens 313 opposite to the rotation elements 316 and 317. 

As used in this specification, the terms "reciprocal optical rotator" or equivalently 
"reversible optical rotator" or "reciprocally rotating optical element" refer to optical 
components having the property such that the direction of rotation about the axis of light 
'% 10 propagation, either clockwise (CW) or counter-clockwise (CCW), of the plane of 

.£ polarization of linearly polarized light propagated therethrough is always the same when 

If viewed facing the rotator towards the side at which the linearly polarized light beam enters 

the component. Conversely, the terms "non-reciprocal optical rotator" or equivalently "non- 
■fu reversible optical rotator" or "non reciprocally rotating optical element" refer to optical 

.^u 1 5 components having the property such that the direction of rotation about the axis of light 

propagation, either clockwise (CW) or counter-clockwise (CCW), of the plane of 
polarization of linearly polarized hght propagated therethrough is always the same when 
viewed facing the rotator from a fixed reference point in a fixed direction, regardless of the 
propagation direction of the light ray through the element. 
20 The operation of circulator 300 is now described with reference to Fig. 6. Figure 6 is 

a sequence of cross sections through the first embodiment of the circulator 300 illustrating 
the locations and polarization states of port images created by the light of signals and sub- 
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signals propagating therethrough. These cross-sections are all drawn as viewed from the left 
side of the device 300 of Fig. 3 and are taken at the labeled cross-sectional planes U-U\ V- 
V\ W-W, X-X', and Y-Y'. These cross-sections correspond to locations similarly labeled on 
Fig. 3. In the cross sections of Fig. 6, the centers of labeled circles denote the positions of 
port images created by sub-signals propagating through circulator 300 as projected onto the 
respective cross section. Concentric circles of different sizes indicate overlapping or co- 
propagating sub-signals. The sizes of these circles in the diagrams of Fig. 6 have no 
physical significance. Barbs on the circles of Fig. 6 indicate the orientations of polarization 
planes of the linearly polarized sub-signals which the respective circles represent. Circles 
with two pairs of barbs represent unpolarized or randomly polarized light. A cross in each 
cross-section of Fig, 6 represents the projection of the center of the lens 313 onto said cross 
section along a line parallel to the circulator main axis. 

As will be evident from the discussion following, all sub-signal light is reflected by 
the mirror 314 of circulator 300 so as to make one complete forward and one complete 
return traverse through circulator 300. Therefore, each cross-section of sub-signal port 
images is shown twice, one time labeled with capital letters to denote forward propagation 
(Fig. 6, upper row) and one time labeled with small letters (Fig. 6, lower row) to denote 
reverse propagation. Heavy arrows indicate the sequence of images produced by light 
signals propagating through circulator 300. 

The paths of signals and sub-signals propagating through circulator 300 are now 
described with reference to Fig. 6. As seen in cross section U-U' 600 of Fig. 6, signals 
emanating from each of the four ports— Port A 301, Port B 302, Port C 303 and Port D 
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304 — are comprised of randomly polarized light. After emanating from one of the four ports 
and passing through one of the collimator lenses 305-308, signal Ught enters and passes 
through the first birefringent plate 309 which separates it into physically separated 
horizontally and vertically polarized sub-signal components. In Fig. 6, sub-signal A 610, 
sub-signal B 612, sub-signal C 614 and sub-signal D 616 represent the images of 
horizontally polarized sub-signal light emanating, respectively, from Port A 301, Port B 302, 
Port C 303 and Port D 304. Likewise, sub-signal A 61 1 , sub-signal B' 613, sub-signal C 
615 and sub-signal D' 617 represent the images of vertically polarized sub-signal light 
emanating, respectively, from Port A 301, Port B 302, Port C 303 and Port D 304. It is noted 
the terms "vertical" and "horizontal" are used in this specification in a relative sense only 
and do not necessarily imply any particular spatial orientation of the referred-to apparatus or 
component. 

The four vertically polarized sub-signals A' 611, B' 613, C 615 and D' 617 all 
comprise e-rays during their traverse through the first birefringent plate 309. Therefore, as 
shown in cross-section V-V 601, sub-signals 611,613, 615 and 617 are all shifted or offset 
in the first direction with respect to the corresponding horizontally polarized sub-signals 
610, 612, 614 and 616, respectively. After passing through the first birefiingent plate 309, 
the outermost sub-signals A 611 and B' 613 pass through 90° optical rotator 310 while 
outermost sub-signals C 614 and D 616 pass through 90^ optical rotator 31 1. Therefore, the 
hght rays of the sub-signals incur 90** rotations of the orientations of their polarization 
planes. Thus, as shown in cross section W-W 602, the polarization plane directions of sub- 
signals A 61 1 and B' 613 change from vertical to horizontal-whilst those of sub-signals C 
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614 and D 616 change from horizontal to vertical. 

After passing the positions of the optical rotators 310 and 31 1, all sub-signals enter 
and pass through the second birefringent walk-off plate 312. The four vertically polarized 
sub-signals C'615, D'617, C614 and D 616 traverse birefringent plate 312 as ^-rays and are 
thus deflected in the first direction whilst the four horizontally polarized sub-signals A' 61 1, 
613, A 610. and B 612 traverse birefringent plate 312 as undeflected o-rays. The optical 
orientation and thickness of birefringent plate 312 are chosen such that the lateral deflection 
of e-rays upon traversing therethrough is exactly equal to the center-to-center inter-port 
separation distance. For this reason, afler passing through birefringent plate 312, the two 
sub-signal images C 615 and C 614 become superimposed on the sub-signal images A' 61 1 
and A 610, respectively and the two sub-signal images D' 617 and D 616 become 
superimposed on the sub-signal images B' 613 and B 612, respectively. Furthermore, the 
two sub-signals comprising each pair of superimposed sub-signals each follow identical 
paths until later separated during their retum paths. This superimposition of sub-signals is 
shown in cross sections 603-606 of Fig. 6. 

After exiting plate 312, each pair of superimposed sub-signals, A' 611 and C 615, A 
610 and C 614, B* 613 and D' 617, and B 612 and D 616 travels along its own path with the 
two sub-signals comprising each pair remaining superimposed, one upon the other. The two 
pairs of sub-signals A' 61 1 and C 615, and A 610 and C 614, which comprise all and only 
that Hght originating from Port A 301 and Port C 303, pass through the 45** reciprocal optical 
rotator 316. In passing through reciprocal optical rotator 316, the polarization plane 
directions of Ught comprising these four sub-signals 61 1, 615, 610, and 614 are all rotated 
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by an angle of 45** CW around or about their propagation directions. The two pairs of sub- 
signals B' 613 and D' 617, and B 612 and D 616, which comprise all and only that light 
originating from Port B 302 and Port D 304, pass through the non-reciprocal optical rotator 
317. In passing through non-reciprocal optical rotator 317, the polarization plane directions 
of light comprising these four sub-signals 613, 617, 612, and 616, are all rotated by an angle 
of 45*^ CCW around or about their propagation directions. Barbs in cross section Y-Y' 604 
show the orientations of the polarization planes of light of the various sub-signals 610-617 
after exiting elements 316 and 317. 

The four pairs of sub-signals 610-617 travel to and through the lens 313, which 
brings them all to a common focal point at mirror 314, The mirror 314 immediately reflects 
all sub-signals 610-617 back along their return paths through circulator 300. Because the 
focal point of the lens 313 is on the plane of mirror 314, the four pairs of sub-signals 
immediately diverge from one another after being reflected by the mirror 314 and pass 
through lens 313 a second time in the reverse direction. The diverging pathways of the four 
pairs of returning sub-signals are set once again parallel to one another by lens 313. Because 
the projection of the center of lens 313 onto cross-section Y-Y' 604 is centrally located 
between the four pairs of port images and because the focal point of lens 313 is on mirror 
414, the four pairs of sub-signals are directed back towards reciprocal optical rotator 316 and 
non-reciprocal optical rotator 317 along pathways which exactly superimpose upon those of 
forward propagating pairs of sub-signals. 

Cross section y-y' 605 shows the locations of the pairs of superimposed sub-signal 
images at their points of retum entry into reciprocal optical rotator 316 and non-reciprocal 
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optical rotator 317. The focusing and re-coUimation of sub-signal images by lens 313 causes 
the inversion of image positions about the center of the lens as projected onto cross-section 
y-y' 605. This inversion causes interchange of the positions of opposing pairs of sub-signals 
as projected onto cross-section y-y' 605. Thus, upon re-entry into either reciprocal optical 
rotator 316 or non-reciprocal optical rotator 317, as shown in cross-section y-y' 605, the 
location of the returning pair of sub-signal images B 612 and D 616 is the same as that of the 
forward propagating pair of sub-signals A' 61 1 and C 615 (cross-section 604). Likewise, in 
cross-section y-y' 605, the locations of retuming pairs of sub-signals A 610 and C 614, B' 
613 and D' 617, and A' 61 1 and C 615 are identical to those of forward propagating pairs of 
sub-signals B' 613 and D' 617, A 610 and C 614, and B 612 and D 616, respectively (cross- 
section 604). 

Because of the inversion properties of lens 313, each of the retuming sub-signals 
within circulator 300 encounters the optical rotation element — either the reciprocal optical 
rotator 3 1 6 or the non-reciprocal optical rotator 317 — ^through which it did not pass during 
its forward path through circulator 300. Thus, after passing through lens 313 on their return 
traverse through circulator 300, the sub-signals B 612, B' 613, D 616 and D* 617 all pass 
through reciprocal optical rotator 316 and thus their Ught rays incur 45^ CW rotations of the 
directions of their polarization planes. Because reciprocal optical rotator 3 16 is a reversible 
optical rotator and the sub-signal propagation in question is in the return direction, this 
rotation has an apparent CCW direction as viewed from the left side of the device 300 of 
Fig. 3 and as indicated in Fig. 6. The sub-signals A610, A'611,C614 and C 615 all pass 
through non-reciprocal optical rotator 317 and thus their light rays incur 45** CCW rotations 
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of the directions of their polarization planes after passing through lens 313 on their return 
traverse through circulator 300. Because non-reciprocal optical rotator 3 17 is a non- 
reversible optical rotator, the rotation of the polarization planes of sub-signals passing 
therethrough is always in the CCW direction as viewed from the left side of the device 300 
of Fig. 3. The polarization state of each of the sub-signals 610-617 after passing through 
either reciprocal optical rotator 316 or non-reciprocal optical rotator 317 in the return 
direction is therefore either horizontal or vertical as indicated in cross section x-x* 606 of 
Fig, 6. 

During return passage through the second birefringent plate 312, the vertically 
polarized sub-signals B612, C614, B*613 and C 615 pass therethrough as deflected e-rays 
whilst the horizontally polarized sub-signals D616, A610, D'617 and 61 1 pass 
therethrough as undeflected o-rays. For this reason, the two sub-signals comprising each 
pair of superimposed sub-signals become re-separated one from another upon passing 
through birefringent plate 312 a second time. The deflection of sub-signals B 612, C 614, B* 
613 and C 615 upon their second traverse through birefringent plate 312 is exactly equal and 
opposite to the deflection of sub-signals C 615, D' 617, C 614, and D 616 and during their 
first traverse through this plate. Therefore, the locations of the images of the various sub- 
signals 610-617 after the second traverse through birefringent plate 3 12 are as shown in 
cross section w-w' 607 of Fig. 6. 

After exiting the second birefringent plate 312, the outermost returning sub-signals D 
616 and A 610 pass through optical rotators 310 while outmost returning sub-signals B' 613 
and C 6 1 5 pass through 90"* optical rotator 311, Therefore their light rays incur 90"* rotations 
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of the orientations of their polarization planes. As a result of these rotations, the polarization 
plane directions of light of sub-signals D 616 and A 610 become vertical, and those of the 
light of sub-signals B' 613 and C 615 become horizontal. The positions and polarization 
states of the various sub-signals 610-617 are thus as shown in cross section v-v' 608 after 
passing, in the return direction, the positions of the 90** optical rotators, 310 and 311. 

Finally, all sub-signals 610-617 enter the first birefringent walk-off plate 309 in the 
return direction. The vertically polarized sub-signals D616, A610, B612 and C 614 pass 
through plate 309 as deflected e-rays whilst the horizontally polarized sub-signals D' 617, A 
61 1, 613 and C 615 pass through plate 309 as undeflected o-rays. The deflection of sub- 
signals D616, A610, B612 and C 614 during return passage through plate 309 is exactly 
equal and opposite to the deflection of sub-signals A' 611, B' 613, C 615 and D* 617 during 
their forward passage through this plate. Therefore, the vertically and horizontally polarized 
pairs of sub-signals A 610 and A 611, B 612 andB' 613, C 614 and C 615, and D 616 and 
D' 617 become recombined at the positions of the collimator lenses 305-308. Each of the 
collimator lenses focuses the return-path signal impinging thereon into the immediately 
adjacent port. As shown in cross section u-u' 609, therefore, the recombined signals are 
located such that the signals originally from Port A 301, from Port B 302, from Port C 303 
and from Port D 304 are directed into Port B 302, Port C 303, Port D 304 and Port A 301, 
respectively. In this way, the first preferred embodiment of the circulator 300 functions as 
an optical circulator. 

In circulator 300, the second birefringent walk-off plate 312 must be of the exact 
thickness and optical orientation so as to cause a lateral offset of e-rays equivalent to the 
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center-to-center inter-port separation distance. This requirement may create difficulties in 
some circumstances. 

Figures 7a and 7b illustrate a side and top view, respectively, of a second preferred 
embodiment of a circulator in accordance with the present invention. The second preferred 
embodiment eUminates the requirement of the thickness and optical orientation of the 
second birefiringent walk-off plate 312 of the first preferred embodiment. The second 
preferred embodiment the circulator 700 comprises the ferrule 315, the four optical ports 
301-304, the collimator lenses 305-308, the first birefringent plate 309, the first 90** optical 
rotator 310, the 45"* optical rotators 316 and 317, the lens 313 and the mirror 314, which are 
common to the first preferred embodiment of the circulator 300. However, in the circulator 
700, there is neither a second birefiingent walk-off plate nor a second 90^ optical rotator. 
Instead, there is a beam-tuming reflector 701 and also a polarization beam splitter 702 both 
disposed between the first 90** optical rotator 310 and the 45** polarization rotators 316 and 
317. Furthermore, as illustrated in Fig. 7a, the single 90** optical rotator 310 is disposed so 
as to intercept and rotate the polarization plane directions of only the innermost four rays or 
sub-signals emanating fi*om or propagating towards the four input/output ports 301-304. 
Preferably, the beam-tuming reflector 701 comprises a prism or mirror. The beam-tuming 
reflector 701 is disposed so as to intercept the signals emanating from Port C 303 and Port D 
304 and tum their directions of propagation by approximately 90**. This turning direction is 
in the first direction, that is, in a direction such that the polarization beam splitter 702 
subsequently intercepts these same signals. The polarization beam sphtter 702 is disposed 
such that hght of sub-signals emanating fi:om Port A 301 and Port B 302 pass therethrough 
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without deflection whilst Ught of sub-signals emanating from Port C 303 and Port D 304, 
after having been deflected by the beam-turning reflector 701, are deflected by 
approximately 90** by the polarization beam splitter 702. The combined deflections by 
beam-turning reflector 701 and polarization beam splitter 702 upon the propagation paths of 
signals emanating from Port C 303 and Port D 304 are such that, subsequent to passage 
through polarization beam splitter 702, sub-signals from Port A 301 and Port B 302 are 
superimposed upon those from Port C 303 and Port D 304, respectively. 

The superimposition of sub-signals in the circulator 700 is identical to that aheady 
described for circulator 300 and is as exactly as shown in Fig. 6 or Fig. 8. The operation of 
circulator 700 is illustrated in detail in Fig. 8, which shows the locations and polarization 
states of signal and sub-signal rays passing therethrough. The signal-ray pathways and 
polarization states within circulator 700 illustrated in Fig. 8 are similar to those shown in 
Fig. 6 and described in reference thereto except that the cross-section X-X' 803 is disposed 
to the side of polarization beam splitter 702 facing lens 313 and the sub-signal polarization 
plane orientations are all rotated by 90** (relative to circulator 300) between cross-sections 
802-807, inclusive, because of the different disposition of optical rotator 310 and absence of 
optical rotator 311, with respect to the circulator 300. The cross-sections 800-809 and sub- 
signals 810-817 of Fig. 8 pertaining to the operation of circulator 700 are analogous to the 
respective cross-sections 600-609 and sub-signals 610-617 of Fig. 6 pertaining to the 
operation of circulator 300. 

The forward-propagating pathways of sub-signals C* 815, D' 817, C 814 and D 816 
are all deflected by approximately 90** by the beam-tuming reflector 701 . Subsequently, 
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these same sub-signal pathways are deflected by approximately 90** by the polarization beam 
splitter 702 such that, as shown in cross section X-X' 803 of Fig. 8, the sub-signals from Port 
A 301 and Port B 302 are superimposed upon those from Port C 303 and Port D 304, 
respectively. The sub-signals C 815, 817, C 814, and D 816 are all horizontally polarized 
before entering beam-turning reflector 701 . The beam-turning reflector 701 has the property 
that, after being deflected by and exiting beam-tuming reflector 701, the sub-signals C 815, 
D' 817, C 814, and D 816 all remain horizontally polarized. The horizontal polarization of 
sub-signals C 815, D' 817, C 814, and D 816 comprises ^-polarization with respect to the 
polarization beam splitter 702 and thus the paths of these sub-signals are deflected by 
approximately 90^ at the polarization beam splitter 702. The sub-signals A' 811, B' 813, A 
810, and B 812 are all vertically polarized before entering polarization beam splitter 702. 
This vertical polarization comprises /^-polarization with respect to the polarization beam 
sputter 702 and thus these sub-signals are transmitted directly through beam splitter 702 
without deflection. By this means, the sub-signals from Port A 301 and Port B 302 become 
superimposed upon those from Port C 303 and Port D 304, respectively. The separation of 
superimposed sub-signals within their return paths is also effected by polarization beam 
splitter 702 and beam-tuming reflector 701 in a similar fashion. 

Aside from the means of superimposing sub-signal images, other aspects of the 
operation of the second circulator embodiment, circulator 700, are identical to those already 
described for circulator 300 and are not described in further detail here. The second 
embodiment, circulator 700, has the advantage that a birefringent wedge of precise thickness 
and orientation is not required to superimpose the various sub-signal images. Precise 
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positioning of the various sub-signals in circulator 700 may be accomplished by slight tilt 
adjustments of the beam-turning reflector 701 and/or the polarization beam splitter 702. 

An improved optical circulator has been disclosed. The optical circulator in 
accordance with the present invention is a reflection-type optical circulator, in which the 
paths of throughgoing light rays are folded back upon themselves. This minimizes the 
number of required optical elements and the resultant device size by using each optical 
element two times for each light ray. Furthermore, the reflection-type optical circulator in 
accordance with the present invention can facilitate the aUgnment of the optical ports to the 
remaining optical elements because all ports can be disposed within a tightly constrained 
geometrical arrangement at only one side of the device. 

Although the present invention has been described in accordance with the 
embodiments shown, one of ordinary skill in the art will readily recognize that there could 
be variations to the embodiments and those variations would be within the spirit and scope 
of the present invention. Accordingly, many modifications may be made by one of ordinary 
skill in the art without departing from the spirit and scope of the appended claims. 
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CLAIMS 


What is claimed is: 

1 . A reflection-type optical circulator, comprising: 

at least one birefringent plate for receiving at least one signal light ray from a first 
port; and 

a mirror optically coupled to the at least one birefiingent plate, wherein the mirror 
and the at least one birefringent plate causes the at least one signal light ray to be folded 
back upon itself, wherein the at least one signal light ray is directed to a second port. 

2. The circulator of claim 1 , wherein the at least one birefringent plate 
comprises: 

a first birefringent plate, wherein the first birefringent plate separates the at least one 
signal light ray into a plurality of sub-signal rays; and 

a second birefringent plate optically coupled to the first birefiingent plate. 

3 . The circulator of claim 2, further comprising: 

at least one optical rotator optically coupled between the first and second birefiingent 
plates, wherein the at least one optical rotator intercepts a portion of the pluraUty of sub- 
signal rays; 

at least one reciprocal optical rotator and at least one non-reciprocal optical rotator 
optically coupled to the second birefringent plate at a side opposite to the at least one optical 
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rotator; and 

a lens optically coupled to the at least one reciprocal rotator and the at least one non- 
reciprocal optical rotator at a side opposite to the second birefringent plate. 

4. The circulator of claim 3, wherein the mirror is optically coupled to the lens 
at a side opposite to the at least one reciprocal optical rotator and the at least one non- 
reciprocal optical rotator. 

5. The circulator of claim 3, wherein the at least one optical rotator rotates an 
orientation of a polarization plane of a Ught ray propagating therethrough by 90 degrees. 

6. The circulator of claim 3, wherein the at least one reciprocal optical rotator 
rotates a polarization plane direction of a light ray propagating therethrough by 45 degrees 
and wherein the at least one non-reciprocal optical rotator non-reversibly rotates a 
polarization plane direction of a hght ray propagating therethrough by 45 degrees. 

7. The circulator of claim 3, wherein a focal point of the lens is located on the 

mirror. 

8. The circulator of claim 2, wherein a thickness and optical orientation of the 
second birefringent plate is chosen so as to provide an offset in a direction of a Hght ray 
propagating therethrough by a distance equivalent to a common center-to-center inter-port 
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sq^aration distance. 

9. The circulator of claim 1, further comprising: 

an optical rotator optically coupled to the at least one birejfringent plate, wherein the 
at least one birefringent plate separates the at least one signal light ray into a plurahty of sub- 
signal rays, wherein the optical rotator intercepts a portion of the plurality of sub-signal rays; 

a beam-turning reflector optically coupled to the at least one bireMngent plate and to 
the optical rotator at a side opposite to the at least one birefringent plate; 

a polarization beam-splitter optically coupled to the at least one birefringent plate, 
the optical rotator at a side opposite to the at least one birefringent plate, and the beam- 
turning reflector at a side perpendicular to the optical rotator; 

at least one reciprocal optical rotator and at least one non-reciprocal optical rotator 
optically coupled to the polarization beam-spUtter at a side opposite to the optical rotator; 
and 

a lens optically coupled to the at least one reciprocal optical rotator and the at least 
one non-reciprocal optical rotator at a side opposite to the polarization beam-splitter. 

10. The circulator of claim 9, wherein the mirror is optically coupled to the lens 
at a side opposite to the at least one reciprocal optical rotator and the at least one non- 
reciprocal optical rotator. 

1 1 . The circulator of claim 9, wherein the optical rotator rotates an orientation of 
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a polarization plane of a light ray propagating therethrough by 90 degrees. 

12. The circulator of claim 9, wherein the beam-turning reflector turns a direction 
of propagation of a light ray propagating therethrough by 90 degrees. 

1 3 . The circulator of claim 9, wherein the polarization beam splitter deflects a 
portion of a light ray propagating therethrough by 90 degrees. 

14. The circulator of claim 9, wherein the at least one reciprocal optical rotator 
rotates a polarization plane direction of a light ray propagating therethrough by 45 degrees 
and wherein the at least one non-reciprocal optical rotator non-reversibly rotates a 
polarization plane direction of a light ray propagating therethrough by 45 degrees. 

15. A system for directing a signal light ray, comprising: 

an optical network, the optical network comprising the signal light ray; and 

a reflection-type optical circulator comprising a plurality of ports, wherein the signal 

hght ray is received at one of the plurality of ports, the reflection-type optical circulator 

further comprising: 

at least one birefringent plate; and 

a mirror optically coupled to the at least one birefringent plate, wherein the 
mirror and the at least one birefringent plate causes the signal hght ray to be folded back 
upon itself, wherein the signal light ray is directed to another of the plurality of ports. 
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16. The system of claim 15, wherein the at least one birefringent plate comprises: 
a first birefringent plate, wherein the first birefringent plate separates the at least one 

signal light ray into a plurality of sub-signal rays; and 

a second birefringent plate optically coupled to the first birefringent plate. 

17. The system of claim 16, further comprising: 

at least one optical rotator optically coupled between the first and second birefringent 
plates, wherein the at least one optical rotator intercepts a portion of the plurality of sub- 
signal rays; 

at least one reciprocal optical rotator and the at least one non-reciprocal optical 
rotator optically coupled to the second birefringent plate at a side opposite to the at least one 
optical rotator; and 

a lens optically coupled to the at least one reciprocal optical rotator and the at least 
one non-reciprocal optical rotator at a side opposite to the second birefhngent plate. 

18. The system of claim 17, wherein the mirror is optically coupled to the lens at 
a side opposite to the at least one reciprocal optical rotator and the at least one non- 
reciprocal optical rotator. 

19. The system of claim 17, wherein the at least one optical rotator rotates an 
orientation of a polarization plane of a light ray propagating therethrough by 90 degrees. 
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20. The system of claim 17, wherein the at least one reciprocal optical rotator 
rotates a polarization plane direction of a light ray propagating therethrough by 45 degrees 
and wherein the at least one non-reciprocal optical rotator non-reversibly rotates a 
polarization plane direction of a light ray propagating therethrough by 45 degrees. 

21 . The system of claim 17, wherein a focal point of the lens is located on the 

mirror. 


22. The system of claim 16, wherein a thickness and optical orientation of the 
10 second birefringent plate is chosen so as to provide an offset in a direction of a hght ray 

propagating therethrough by a distance equivalent to a common center-to-center inter-port 
separation distance. 


23 . The system of claim 1 5 , further comprising: 
15 an optical rotator optically coupled to the at least one birefringent plate, wherein the 

at least one birefringent plate separates the signal light ray into a plurality of sub-signal rays, 
wherein the optical rotator intercepts a portion of the plurality of sub-signal rays; 

a beam-tuming reflector optically coupled to the at least one birefringent plate and to 
the optical rotator at a side opposite to the at least one birefnngent plate; 
20 a polarization beam-splitter optically coupled to the at least one birefringent plate 

and to the optical rotator at a side opposite to the at least one birefringent plate and to the 
beam-tuming reflector at a side perpendicular to the optical rotator; 
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at least one reciprocal optical rotator and the at least one non-reciprocal optical 
rotator optically coupled to the polarization beam-spUtter at a side opposite to the optical 
rotator; and 

a lens optically coupled, to the at least one reciprocal optical rotator and the at least 
one. non-reciprocal optical rotator at a side opposite to the polarization beam-sphtter, 

24. The system of claim 23, wherein the mirror is optically coupled to the lens at 
a side opposite to the at least one reciprocal rotator. 

25. The system of claim 23, wherein the beam-turning reflector turns a direction 
of propagation of a hght ray propagating therethrough by 90 degrees. 

26. The system of claim 23, wherein the polarization beam splitter deflects a 
portion of a light ray propagating therethrough by 90 degrees. 

27. The system of claim 23, wherein the at least one reciprocal optical rotator 
rotates a polarization plane direction of a hght ray propagating therethrough by 45 degrees 
and wherein the at least one non-reciprocal optical rotator non-reversibly rotates a 
polarization plane direction of a Hght ray propagating therethrough by 45 degrees. 

28. A reflection-type optical circulator, comprising: 

a first birejfringent plate for receiving at least one signal light ray from a first port, 
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wherein the first birefiingent plate separates the at least one signal light ray into a plurality 
of sub-signal rays; 

a second birefiingent plate optically coupled to the first birefiingent plate; 

at least one optical rotator optically coupled between the first and second birefiingent 
plates, wherein the at least one optical rotator intercepts a portion of the plurality of sub- 
signal rays; 

at least one reciprocal optical rotator and at least one non-reciprocal optical rotator 
optically coupled to the second birefiingent plate at a side opposite to the at least one optical 
rotator; 

a lens optically coupled to the at least one reciprocal optical rotator and the at least 
one non-reciprocal optical rotator at a side opposite to the second birefiingent plate; and 

a mirror optically coupled to the lens at a side opposite to the at least one reciprocal 
optical rotator and the at least one non-reciprocal optical rotator, 

wherein the mirror reflects the plurality of sub-signal rays such that the 
plurality of sub-signal rays is folded back upon itself, 

wherein the at least one reciprocal optical rotator, the at least one non- 
reciprocal optical rotator, the at least one optical rotator, and the first and second birefiingent 
plates recombine the reflected plurality of sub-signal rays into the at least one signal light 
ray, such that the recombined at least one signal hght ray is directed to a second port. 

29. A reflection-type optical circulator, comprising: 

a birefiingent plate for receiving at least one signal light ray from a first port, 
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wherein the birefhngent plate separates the at least one signal light ray into a plurality of 
sub-signal rays; 

an optical rotator optically coupled to the birefringent plate, wherein the optical 
rotator intercepts a portion of the pluraHty of sub-signal rays; 

a beam-turning reflector optically coupled to the birejfringent plate and to the optical 
rotator at a side opposite to the birejfringent plate; 

a polarization beam-splitter optically coupled to the birefringent plate, the optical 
rotator at a side opposite to the birefringent plate, and the beam-turning reflector at a side 
perpendicular to the optical rotator; 

at least one reciprocal optical rotator and at least one non-reciprocal optical rotator 
optically coupled to the polarization beam-sphtter at a side opposite to the optical rotator; 

a lens optically coupled to the at least one reciprocal optical rotator and the at least 
one non-reciprocal optical rotator at a side opposite to the polarization beam-splitter; and 

a mirror optically coupled to the lens at a side opposite to the at least one reciprocal 
optical rotator and the at least one non-reciprocal optical rotator, 

wherein the mirror reflects the plurality of sub-signal rays such that the 
pluraUty of sub-signal rays is folded back upon itself, 

wherein the at least one reciprocal rotator, the at least one non-reciprocal 
rotator, the polarization beam-splitter, the beam-tuming reflector, the optical rotator, and the 
birefringent plate recombine the reflected plurality of sub-signal rays into the at least one 
signal hght ray, such that the recombined at least one signal hght ray is directed to a second 
port. 
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30. A reflection-type optical circulator, the optical circulator having four ports, 
comprising: 

a first birefringent plate for receiving a plurality of signal light rays from the four 
ports, wherein the first birefringent plate separates the plurality of signal light rays into a 
plurality of sub-signal rays; 

a second birefringent plate optically coupled to the first birefringent plate, wherein a 
thickness and optical orientation of the second birefringent plate is chosen so as to provide 
an offset in a direction of a sub-signal ray propagating therethrough by a distance equivalent 
to a common center-to-center inter-port separation distance; 

a first and a second 90 degree optical rotator each optically coupled between the first 
and second birefringent plates, wherein the first and second 90 degree optical rotators each 
intercept a portion of the sub-signal rays from two of the four ports; 

a 45 degree reciprocal optical rotator optically coupled to the second birefringent 
plate at a side opposite to the first and second 90 degree optical rotators, wherein the 45 
degree reciprocal rotator intercepts the sub-signal rays from two of the four ports; 

a 45 degree non-reciprocal optical rotator coupled to the second birefringent plate at 
a side opposite to the first and second 90 degree optical rotators, wherein the 45 degree non- 
reciprocal optical rotator intercepts the sub-signal rays from two of the four ports; 

a lens optically coupled to the 45 degree reciprocal optical rotator and the 45 degree 
non-reciprocal optical rotators at a side opposite to the second birefringent plate; and 

a mirror optically coupled to the lens at a side opposite to the 45 degree reciprocal 
optical rotators and the 45 degree non-reciprocal optical rotator. 
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wherein the mirror reflects the plurahty of sub-signal rays such that the 
plurality of sub-signal rays is folded back upon itself, 

wherein the 45 degree reciprocal optical rotator, the 45 degree non-reciprocal 
optical rotator, the first and second 90 degree optical rotators, and the first and second 
birefringent plates recombine the reflected plurality of sub-signal rays into the plurality of 
signal Ught rays, such that the recombined plurality of signal light rays are each directed to a 
different port from which it was received by the first birefringent plate. 

31. A reflection-type optical circulator, the optical circulator having four ports, 
comprising: 

a birefringent plate for receiving a plurality of signal light rays from the four ports, 
wherein the birefringent plate separates the plurality of signal light rays into a plurality of 
sub-signal rays; 

an optical rotator optically coupled to the birefringent plate, wherein the optical 
rotator intercepts a portion of the plurality of sub-signal rays; 

a 90 degree beam-turning reflector optically coupled to the birefringent plate and to 
the optical rotator at a side opposite to the birefringent plate, wherein the 90 degree beam- 
turning reflector intercepts the sub-signal rays from two of the four ports; 

a polarization beam-splitter optically coupled to the birefringent plate and to the 
optical rotator at a side opposite to the birefringent plate and to the 90 degree beam-turning 
reflector at a side perpendicular to the optical rotator, wherein the polarization beam-splitter 
defects the sub-signal rays from two of the four ports while allowing the sub-signal rays 


1449P 


-30- 


from the other two of the four ports to propagate therethrough without deflection; 

a 45 degree reciprocal optical rotator optically coupled to the polarization beam- 
splitter at a side opposite to the optical rotator, wherein the 45 degree reciprocal optical 
rotator intercepts the sub-signal rays from two of the four ports; 

a 45 degree non-reciprocal optical rotator optically coupled to the polarization beam- 
splitter at a side opposite to the optical rotator, wherein the 45 degree non-reciprocal optical 
rotator intercepts the sub-signal rays from two of the four ports; 

a lens optically coupled to the at 45 degree reciprocal optical rotator and the 45 
degree non-reciprocal optical rotator at a side opposite to the polarization beam-splitter; and 

a mirror optically coupled to the lens at a side opposite to the 45 degree reciprocal 
optical rotator and the 45 degree non-reciprocal optical rotator, 

wherein the mirror reflects the plurahty of sub-signal rays such that the 
plurality of sub-signal rays is folded back upon itself, 

wherein the 45 degree reciprocal optical rotator, the 45 degree non-reciprocal 
optical rotator, the polarization beam-splitter, the beam-turning reflector, the optical rotator, 
and the birefiingent plate recombine the reflected plurality of sub-signal rays into the 
plurality of signal hght rays, such that the recombined plurality of signal light rays are each 
directed to a different port from which it was received by the first birefringent plate. 

32. A method for directing a signal light ray, comprising the steps of: 
(a) separating the signal hght ray into a plurality of sub-signal rays, wherein the 
signal light ray is inputted from a first port; 
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(b) rotating a polarization direction of a portion of the plurality of sub-signal 

rays; 

(c) reflecting the rotated portion and a remainder of the plurality of sub-signal 
rays, such that the rotated portion and the remainder are folded back upon themselves; and 

(d) combining the rotated portion and the remainder of the plurality of sub-signal 
rays into the signal Hght ray, wherein the signal hght ray is outputted to a second port. 

33. The method of claim 32, wherein the separating step (a) and the combining 
step (d) are performed by at least one birefringent plate. 

34. The method of claim 32, wherein the rotating step (b) is performed by at least 
one optical rotator. 

35. The method of claim 32, wherein the reflecting step (c) is performed by a 

mirror. 

36. A system, comprising: 

an optical network, comprising a reflection-type optical circulator, the reflection-type 
optical circulator comprising a plurality of ports; and 

a signal light ray traversing through the reflection-type optical circulator, 

wherein the signal Hght ray enters the optical circulator through a first of the 
plurality of ports, 
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wherein the signal hght ray is separated into a plurahty of sub-signal rays, 
wherein a polarization direction of a portion of the plurality of sub-signal rays 

is rotated, 

wherein the rotated portion and a remainder of the plurality of sub-signal rays 
are reflected such that the rotated portion and the remainder are folded back upon 
themselves, and 

wherein the rotated portion and the remainder of the plurality of sub-signal 
rays are combined into the signal light ray, 

wherein the signal light ray is outputted to a second of the plurality of ports. 

37. A method for providing a reflection-type optical circulator, comprising the 
steps of: 

(a) providing at least one birefringent plate for receiving at least one signal light 
ray from a first port; and 

(b) optically coupling a mirror to the at least one birefringent plate, wherein the 
mirror and the at least one birefringent plate causes the at least one signal light ray to be 
folded back upon itself, wherein the at least one signal hght ray is directed to a second port. 
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ABSTRACT 

The present invention provides a reflection-type improved optical circulator. The 
reflection-type optical circulator includes at least one birefiingent plate for receiving at least 
one signal light ray from a first port; and a mirror optically coupled to the at least one 
5 birefringent plate, where the mirror and the at least one birefringent plate causes the at least 
one signal light ray to be folded back upon itself, where the at least one signal light ray is 
directed to a second port. The optical circulator in accordance with the present invention is a 
reflection-type optical circulator, in which the paths of throughgoing hght rays are folded 
back upon themselves. This minimizes the number of required optical elements and the 
] 0 resultant device size by using each optical element two times for each light ray. 

Furthermore, the reflection-type optical circulator in accordance with the present invention 
can facilitate the alignment of the optical ports to the remaining optical elements because all 
ports can be disposed within a tightly constrained geometrical arrangement at only one side 
of the device. 
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duty to disclose material information as defined in Titie 37, Code of Federal Regulations, Section 1.56(a) which occurred 
between the filing date of the prior apphcation and the national or PCT international filing date of this application: 


(Application Serial No.) (Filing Date) (Status -- patented, pending, abandoned) 


(Apphcation Serial No.) 


(Filing Date) (Status ~ patented, pending, abandoned) 
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POWER OF ATTORNEY: As a named inventor, I hereby appoint the following as my attomey(s) with full power of 
substitution and revocation to transact all business in the United States Patent and Trademark Office connected herewith. 

Joseph A, Sawyer, Jr., Reg. No. 30,801 Janyce R. Mitchell, Reg. No. 40,095 

Stephen G. Sullivan, Reg. No. 38,329 Michele Liu, Reg. No. P44,875 

Please address all correspondence and direct all telephone calls relating to this application to Mr. Sawyer at: 

Sawyer & Associates 
P.O. Box 51418 
Palo Alto, CA 94303 

(650) 493-4540 

I hereby declare that all statements made herein of my own knowledge are true and that all statements made on 
information and belief are believed to be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code and that such willful false statements may jeopardize the validity of the application or any 
_ patent issued thereon. 

Name of sole/first hiventor: Simon X. F. Cao 

2202 Ensenada Way 

San Mateo San Mateo California 94403 

City County State Postal Code 

J-^ Post Office Address: SAME 

^ n Citizenship: People's Republic of CHINA 


Date Signature of Inventor 


% Residence Address: 



